Radiofrequency thermal ablation (RFA) destroys tumoral tissue generating a local necrosis followed by marked inflammatory response with a dense T-cell infiltrate. In this study, we tested whether hepatocellular carcinoma thermal ablation can induce or enhance T-cell responses specific for hepatocellular carcinoma-associated antigens. Peripheral blood mononuclear cells derived from 20 patients with hepatocellular carcinoma were stimulated before and a month after RFA treatment with autologous hepatocellular carcinoma-derived protein lysates obtained before and immediately after RFA treatment. The effect of thermal ablation on memory T-cell responses to recall antigens [tetanus toxoid, protein purified derivative (PPD), Escherichia coli] was also assessed. T-cell reactivity was analyzed in an IFN-; enzymelinked immunospot assay and by intracellular IFN-; staining. Treatment was followed by a significant increase of patients responsive either to tumor antigens derived from both the untreated hepatocellular carcinoma tissue (P < 0.05) and the necrotic tumor (P < 0.01) and by a higher frequency of circulating tumor-specific T cells. T-cell responses to recall antigens were also significantly augmented. Phenotypic analysis of circulating T and natural killer cells showed an increased expression of activation and cytotoxic surface markers. However, tumor-specific T-cell responses were not associated with protection from hepatocellular carcinoma relapse. Evidence of tumor immune escape was provided in one patient by the evidence that a new nodule of hepatocellular carcinoma recurrence was not recognized by T cells obtained at the time of RFA. In conclusion, RFA treatment generates the local conditions for activating the tumorspecific T-cell response. Although this effect is not sufficient for controlling hepatocellular carcinoma, it may represent the basis for the development of an adjuvant immunotherapy in patients undergoing RFA for primary and secondary liver
Introduction
Hepatocellular carcinoma is the most common primary liver cancer with increasing incidence in the last two decades in Europe, the United States, and Japan (1, 2) , which is expected to continue to increase for the next few decades because of the large pool of people infected by HBV and HCV. Orthotopic liver transplantation and surgical therapy offer the best opportunities to cure patients with hepatocellular carcinoma. However, both options are limited in their application because of the scarce organ availability for transplantation and because of the size and location of the tumor, associated vascular invasion and thromboses, and the characteristics and severity of the underlying liver disease. For these reasons, hepatocellular carcinoma management is mainly accomplished by local ablative therapies that can compete in efficiency with surgical resection of hepatocellular carcinoma nodules (3) . Moreover, local ablation can be applied to a larger number of patients with more advanced liver disease, with multifocal presentation and other clinical conditions that can represent contraindications for liver surgery. These local techniques, however, are frequently followed by hepatocellular carcinoma recurrences; therefore, there is urgent need to develop novel therapies with systemic activity to avoid spontaneous progression of hepatocellular carcinoma.
Among different techniques, radiofrequency thermal ablation (RFA) is designed to destroy tumoral tissue by delivering a highfrequency alternating current with ionic agitation and frictional heating. At temperatures above 45jC to 50jC, cell membranes are destroyed, proteins are denatured, and a region of necrosis surrounding the electrode is generated (4, 5) . Thermal ablation is followed by a marked local inflammatory response with a dense T-cell infiltrate in the liver of tumor-free domestic pig (6) and in the liver of rabbits implanted with a papilloma-induced epithelial tumor (7) . Moreover, in the rabbit model and in mice injected with a melanoma cell line, thermal ablation can induce an antigenspecific T-cell response (7, 8) . Taken together, these observations support the hypothesis that heat shock delivery and massive necrotic cell death by RFA may favor immune activation and presentation of otherwise cryptic antigens, thus inducing a tumorspecific T-cell response. The implications of such hypothesis are relevant with respect to two main perspectives. First, RFA is extensively and increasingly applied not only in the treatment of hepatocellular carcinoma but also for metastatic liver nodules and other extrahepatic solid malignancies, such as renal cell carcinoma, lung cancer, prostate cancer, metastatic bone lesions, and others. Second, combination of tumor destruction by RFA and active immunotherapy could represent a relatively simple and potentially successful strategy for combating hepatocellular carcinoma.
In this study, our aim was to verify whether thermal ablation could activate an antitumor specific T-cell response in patients who developed hepatocellular carcinoma in the context of liver cirrhosis. Accordingly, the study was designed to test the following: (a) if tumor-specific T-cell responses could be generated or enhanced by the treatment, (b) if thermal ablation could enhance non-tumor-specific memory T-cell responses, (c) if the inflammatory response triggered by RFA could affect the composition of the circulating pool of T and natural killer (NK) lymphocytes, and (d) if the activation of the tumor-specific T-cell response could prevent hepatocellular carcinoma relapse.
Patients and Methods
Patients. Twenty patients undergoing RFA for hepatocellular carcinoma in liver cirrhosis were studied (Table 1) . Hepatocellular carcinoma diagnosis was defined by concordant ultrasounds and contrast-enhanced computed tomography (CT) scan. All patients were treated for a single hepatocellular carcinoma nodule with the exception of patient 16 who was treated for two nodules; hepatocellular carcinoma size ranged between 1.5 and 6.0 cm in diameter. Patients 4, 7, 15, 18 , and 20 had been previously treated by RFA during the past 3 years, and patient 17 had been treated 3 months before by trans-arterial chemoembolization on a different hepatocellular carcinoma nodule. Liver cirrhosis was due to HCV infection in 14 patients, to HBV infection in one patient, and HBV/HCV coinfection in one patient; four of the HCV monoinfected patients were also HBcAb positive, suggesting a probable occult HBV carriage. Liver cirrhosis of patients 3 and 17 was due to alcohol intake, and liver cirrhosis of patient 19 was likely related to a previous HBV infection (Table 1) .
Patients gave written informed consent before entering the study, and the study protocol, approved by the local ethical Committee, conformed to the ethical guidelines of the 1975 Declaration of Helsinki.
Treatment. RFA was done under conscious sedation and ultrasound guidance. A 14-gauge needle with nine arrays and an active trocar tip (StarBurst XL) connected to the RF generator (Model 1500Â RF generator, RITA Medical Systems, Inc., Mountain View, CA) was used for all treatments. Depending on the site of the hepatocellular carcinoma, 15-or 25-cm-long needles were employed. At the end of tumor ablation, thermocoagulation was done along the needle track to avoid hepatocellular carcinoma seeding. Patients were evaluated clinically and with contrastenhanced CT at 1 month after ablation and by contrast-enhanced (Sonovue, Bracco, Italy) ultrasounds at 3 months after ablation.
Peripheral blood mononuclear cells and tissues collection. Peripheral blood mononuclear cells (PBMC) were isolated from fresh heparinized blood by Ficoll-Hypaque density-gradient centrifugation and resuspended at 1 Â 10 6 /mL in RPMI 1640 supplemented with 25 mmol/L HEPES, 2 mmol/L L-glutamine, 50 mg/mL gentamicin, and 10% FCS (complete medium). CD8 cells depletion (>96%) was done with the use of antibody-coated MACS microbeads (Miltenyi Biotec, Auburn, CA) followed by magnetic separation according to the manufacturer's instructions. For tissue collection, a fine-needle (22 gauge) aspiration cytology of the liver tumor and of the nontumor surrounding liver were done just before RFA. Necrotic tumor tissue was collected on the tips of the nine arrays retracted at the end of treatment; this approach avoided a second fineneedle aspiration. These specimens were immediately resuspended in 200 AL PBS, and 2 mL of ammonium chloride (0.15 mol/L) were added to obtain erythrocytes lysis, removing contaminating blood. Samples were then washed with PBS and resuspended in 200 AL of PBS and stored at À80jC. Necrotic tissue from a control normal liver was obtained from a surgical liver resection done for rectum cancer liver metastasis. Immediately after resection, a section of the liver free of tumor tissue underwent thermal ablation with the same type of needle and RF generator employed for hepatocellular carcinoma treatment; necrotic tissue close to the needle tips was collected and treated as the other samples.
Antigen preparation. Tissue samples derived from aspiration cytology of the liver tumor and of the nontumor surrounding liver or 5 Â 10 6 cells of tumoral lines were lysed by three repeated steps of freezing and thawing to obtain a protein lysate in the supernatant of the centrifuged specimens. Protein quantification was obtained with the Bio-Rad Protein Assay method (Bio-Rad Laboratories, Hercules CA) as recommended by the manufacturer.
Non-tumor-related antigens used to test the effect of thermal ablation on non-tumor-specific memory T-cell responses were tetanus toxoid (Connaught Laboratories Ltd., Willondale, Ontario, Canada), PPD (Statens Serum Institute, Copenhagen, Denmark), and E. coli extract (Chiron Corp., Emeryville, CA). Tumor cell lines. The melanoma cell line MZ2-MEL was kindly provided by Flavio Arienti (Istituto Tumori Milano, Italy). Human hepatocellular carcinoma cell lines Hep3B, PLC/PRF/5, and HuH7 were kindly provided by Giovanni Raimondo (University of Messina, Italy). Human hepatocellular carcinoma cell line HepG2 and the erythroleukemic line K562 were purchased from the American Type Culture Collection (Rockville, MD); MZ2-MEL and K 562 were cultured in RPMI 1640 supplemented with 25 mmol/L HEPES, 2 mmol/L L-glutamine, 50 mg/mL gentamicin, and 10% FCS. HepG2, Hep3B, HuH7, and PLC/PRF/5 were cultured in DMEM supplemented with 25 mmol/L HEPES, 2 mmol/L L-glutamine, 50 mg/mL gentamicin, and 10% FCS. Cells were subcultured every 3 days after treatment with Trypsin-EDTA and harvested at day 2 to obtain protein cell lysates.
Enzyme-linked immunospot assay. Polyvinylidene plates (96 wells; Millipore, Bedford, MA) were precoated with 5 Ag/mL anti-IFN-g monoclonal antibody (mAb), 1-DIK (Mabtech, Nacka, Sweden) overnight at 4jC. Plates were then washed four times with PBS and blocked with RPMI/10% FCS for 2 hours at 37jC. Cryopreserved PBMCs were thawed and plated in the presence or absence of 25 Ag/mL protein lysates, 0.5 Ag/mL E. coli extract, 2 Ag/mL tetanus toxoid, 10 Ag/mL PPD, and 1 Ag/mL phytohemagglutinin as positive control at 200,000 per well in a total volume of 100 AL. PBMCs were seeded in duplicates for antigenic stimulation and in triplicates for controls. The plates were incubated overnight at 37jC, 5% CO 2 and washed seven times with PBS/0.05% Tween before addition of the second, biotinylated anti-IFN-g mAb, 7-B6-1 biotin (Mabtech) at 1 Ag/mL, and incubated for 3 hours. After a further washing step, anti-biotin alkaline phosphatase-conjugated antibody (Mabtech) was added for 90 minutes. Following another washing step, individual cytokineproducing cells were detected as dark spots after a 5-to 10-minute reaction with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium using an alkaline phosphatase-conjugated substrate (Bio-Rad Laboratories). Spots were enumerated as IFN-g spot forming units using an enzyme-linked immunospot (ELISPOT) plate reader (AID). The number of specific IFN-g secreting T cells was calculated by subtracting the unstimulated control value from the stimulated sample. Wells were considered as positive if they were at least twice above background with at least 10 spots per well.
Intracellular IFN-; staining. Intracellular cytokine assessment was done on antigen-specific CD4 + or CD8 + cells using flow cytometry. Autologous adherent cells, obtained by plating freshly derived PBMCs in a 96 flat-bottomed plate for 3 hours, were incubated with 25 Ag/mL of the tissues protein lysates or 0.5 Ag/mL E. coli extract or 2 Ag/mL tetanus toxoid or 10 Ag/mL PPD, for 2 hours followed by coculture with 4 Â 10 5 nonadherent cells per well for 14 hours in complete medium in a humidified 5% CO 2 incubator at 37jC. Brefeldin-A (10 Ag/mL; Sigma Chemical Co., St Louis, MO) was added 1 hour after beginning of coculture. Cell suspensions were stained with PE-anti-CD4, APC-anti-CD8, and PerCPanti-CD3 mAb (Becton Dickinson, San Jose, CA), fixed and permeabilized (Fix&Perm, Caltag Laboratories, Burlingame, CA) at room temperature, and stained with FITC-labeled anti-human-IFN-g (Sigma Chemical). Intracellular cytokine expression was analyzed on a FACSCalibur (Becton Dickinson) flow cytometer using the CELLQuest software (Becton Dickinson). Frequencies of CD4 and CD8 T cells expressing IFN-g were always V0.01% when stimulated with nontumor liver tissue protein lysates.
Immunofluorescence cell surface analysis of lymphocytes. PBMCs were resuspended in PBS containing 1% FCS, 1% human serum, 10% mouse serum, and 0.01% sodium azide, then stained for 30 minutes on ice with combinations of saturating amounts of fluorochrome-conjugated murine mAbs. The following fluorochrome-conjugated mAbs were obtained from PharMingen BD Biosciences (Becton Dickinson Italia S.p.A., Milan, Italy): FITC-conjugated anti-CD4 (clone RPA-T4, IgG1), anti-CD45RA (HI100, IgG2b), anti-CD95 (DX2, IgG1); anti-CD16 (3G8, IgG1); PE-conjugated anti-CD8 (HIT8a, IgG1), anti-CD28 (CD28.2, IgG1); anti-CD3 (UCHT1, mouse IgG1); cychrome-conjugated: anti-CD3 (UCHT1), anti-CD4 (RPA-T4), anti-CD8 (HIT8a). Phycoerythrin-cyanin 5.1 (PC-5)-conjugated mAbs directed to CD3 (UCHT1) and CD56 (N901, mouse IgG1) were purchased from Beckman Coulter, Inc. (Instrumentation Laboratory, Milan, Italy). For setting quadrants and gates limits of nonspecific immunoglobulin cell binding (negative controls), we used fluorochrome-conjugated IgGs of irrelevant specificity obtained from the same manufacturer. Naive and memory T cells within CD4 + and CD8 + T-cell subsets were defined as previously described (9) Statistical analysis. Statistical analysis of differences between mean values of the spots generated with different protein lysates was done using Wilcoxon signed rank test for paired data. Comparison of responsive patients to tumor antigens before and after RFA treatment and analysis of patients responsive to tumor antigens with or without disease recurrence were done by m 2 analysis. P < 0.05 was considered significant.
Results
T-cell responses to hepatocellular carcinomas derived antigens. Frequency of tumor-specific T cells before and 4 weeks after RFA treatment was tested ex vivo in an IFN-g ELISPOT assay in 20 patients. Before treatment, three patients showed a specific T-cell response stimulating T cells with tumor protein lysate and two patients with protein lysate derived from the post-RFA necrotic hepatocellular carcinoma tissue ( Table 2) . None of the patients showed a T-cell response directed to the nontumor liver tissue. Four weeks after treatment, a T-cell response to autologous tumor tissue was detected in two of the three patients reactive before treatment and in seven additional patients (P < 0.05). Stimulating with post-RFA necrotic tumor tissue a T-cell response was detected in 10 patients (P < 0.01).
After treatment, T-cell responses were also detected against autologous nontumor liver tissue in two patients due to a possible autoimmune effect or enhancement of anti-HCV T-cell response in patient 16. Although no significant difference was observed between mean values of spots generated with nontumor liver tissues and tumor tissues before treatment, after treatment this difference was highly significant (P < 0.001), as well as the difference between nontumor liver tissue and necrotic tumor tissue (P < 0.01; Fig. 1 ). The comparison of the mean values of spots generated before and after treatment with untreated and necrotic tumor tissues were also statistically significant (P < 0.05).
To rule out the possibility that T-cell stimulation was a nonspecific effect caused by the necrotic tissue rather than induced by hepatocellular carcinoma-related antigens, post-RFA necrotic tissue from a control normal liver was used to stimulate PBMCs from 11 of the 20 hepatocellular carcinoma patients (patients 1, 2, 3, 6, 7, 12, 14, 15, 18, 19, and 20) . Number of spots per well ranged from 1 to 12 with a maximum delta spot (subtracted of spots in presence of medium) of four spots per well, and no increase of spots was detected after RFA treatment (not shown).
T-cell response to tumor cell lines. To confirm the effect of RFA on the antitumor T-cell response, six tumor cell lines were used to stimulate PBMCs in an IFN-g ELISPOT assay before and 4 weeks after RFA treatment. The hepatoma PLC/PRF/5 cell line was the most immunogenic. The protein lysate obtained from this cell line stimulated at least a two times increase of the background spots in 7 of 20 patients before and 16 of 20 patients after RFA treatment (P < 0.01). One of 13 patients tested showed a response to the Hep3B hepatoma cell line and 4 of 17 patients to the HU-H7 Thermal Ablation and Antitumor T-Cell Responses www.aacrjournals.org hepatoma cell line before treatment. After RFA treatment, 3 of 13 patients showed a response to Hep3B and 6 of 17 patients to HU-H7 (Table 3) . Interestingly, none of the 18 patients tested showed a significant reactivity before or after RFA to the melanoma and erythroleukemic lines (Mel MZ2 and K562; Table 3 ). Comparison of mean spots before and after RFA treatment showed a significant increase of the T-cell responses to the cell line PLC/ PRF/5 (P < 0.05).
T-cell response to tumor nonrelated antigens. To test if thermal ablation could enhance memory T-cell responses to nontumor recall antigens, ELISPOT assay was done, stimulating PBMCs of 15 of the 20 patients undergoing treatment with tetanus 6 PBMCs generated with tetanus toxoid (23.8 F 63.8 versus 51.9 F 120.5; P = not significant) and a significant increase of mean values of spots generated with PPD (126.3 F 156.6 versus 377.2 F 567.7; P < 0.02) and E. coli (122.8 F 142.2 versus 420.6 F 502.8; P < 0.01).
Identification of the T-cell subset responsible for tumorspecific T-cell responses. To define if CD4 or CD8 T cells were responsible for IFN-g production in the ELISPOT assay, PBMCs from patients 9, 17, and 20 were stained with anti-CD4 and anti-CD8 mAbs and tested for IFN-g production upon antigen stimulation by intracellular cytokine staining and fluorescenceactivated cell sorting analysis. Autologous tumor, nontumor liver tissue, and PLC/PRF/5 protein lysates were used ex vivo for antigenic stimulation. Patient 20 showed an antigen-specific T-cell response when stimulated with the autologous hepatocellular carcinoma after treatment, and the T-cell response was mainly sustained by the CD4 subset although a weaker response was also detected with CD8-positive cells (Fig. 2) . A prevalent CD4 response was observed against PLC/PRF/5 in patient 17 before (0.04% of CD4 cells) and after treatment (0.55% of CD4 cells) and in patient 20 only after treatment (0.035% of CD4 cells). In patient 20, PLC/ PRF/5 elicited also a CD8-mediated response (0.06% of CD8 cells) only after treatment. IFN-g production in presence of medium or of the nontumor liver tissue was always V0.01%.
In patients 9, 17, and 20, T-cell response to recall antigens (PPD and E. coli) was also confirmed by intracellular IFN-g staining showing a response sustained by the CD4-positive T-cell subset (data not shown).
Phenotypic analysis of circulating lymphocytes and NK cells. Eleven patients were selected randomly to assess the effect of RFA treatment on the circulating pool of T and NK lymphocytes. (Table 4) . On the whole, these data indicate that RFA is accompanied by an activation and/or mobilization of lymphocytes with a phenotype of cytotoxic effector cells.
Treatment outcome. Contrast enhanced CT at 1 month after RF treatment showed a complete hepatocellular carcinoma ablation in 19 of 20 patients. In patient 19, ablation of the 6-cm hepatocellular Table 3 . T-cell response to tumor cell lines by ELISPOT assay before and after thermal ablation (Table 1) . At month 6, 50% (10 of 20) of the patients studied were disease free. Disease recurrence was at a different site from the treated nodules with the exception of patient 14, who, 3 months after ablation, still showed live tumor tissue at the site of RF treatment. Disease recurrence was uninodular in all cases with the exception of patients 4 and 16 presenting a multinodular hepatocellular carcinoma already 3 months after treatment (Table 1) . No protective effect of the antitumor T-cell response associated with RFA could be shown. In fact, T-cell responses directed to the autologous tumor antigens or the protein lysate of the most immunogenic hepatoma cell line PLC/PRF/5 measured before and after RF treatment were not significantly more expressed in the disease-free patients at 6 months of follow-up compared with the patients with hepatocellular carcinoma recurrence.
In patient 5, a new hepatocellular carcinoma lesion recurred 6 months after RFA. A fine-needle aspiration of the new nodule was available to stimulate in an ELISPOT assay PBMCs from four different time points: the day before RFA, month 1, month 3, and month 6 after treatment. In contrast to the vigorous response obtained, stimulating PBMCs with the first nodule-derived protein lysate, no T-cell response was generated stimulating PBMCs from the first two time points with the protein lysate of the new lesion, whereas a weak response was detected stimulating PBMCs derived at months 3 and 6 (Fig. 3) .
Discussion
RFA destroys tumoral tissue generating a local necrosis followed by marked inflammatory response with a dense T-cell infiltrate (7), suggesting the activation of the adaptive T-cell response. Infectious agents can readily activate the innate immune response through interaction of conserved microbial products with receptors on dendritic cells (10) . These pathogen-associated molecular patterns are key elements for a coordinated and efficient activation of the immune response. Although tumors can express neoantigens or can overexpress self-antigens, they lack non-self components of microbial origin, so that tumor cells, like their normal tissues counterpart, are prone to induce tolerance by default. Alternatively, immune responses can be also activated by danger signals of other origins. It is a matter of debate whether the danger signals generated by necrotic death of cancer cells can provide sufficient signals to trigger the induction of a tumor-specific T-cell response (11, 12) . Among the activation signals released by necrotic cell death, the complement system, which is activated by necrosis and not by apoptosis, can activate dendritic cells at the site of the damaged tissue (13) . Cellular stress up-regulates the expression of MHC class I-like molecules that activate NK, gy, and CD8 ah T cells committed to clear ''stressed'' cell elements (14) . Moreover, heat shock proteins can be released in vivo by RFA for hepatocellular carcinoma and have been shown to enhance cell-mediated immune responses by activating the natural immunity and by augmenting hepatocellular carcinoma-specific cytotoxic T-cell response (15) (16) (17) .
In the present study, a significant enhancement of the antitumor CD4 and CD8 T-cell response was detected after hepatocellular carcinoma RFA in patients with liver cirrhosis. Autologous hepatocellular carcinoma and a mixture of heterologous hepatocellular carcinoma protein lysates were used as the antigenic preparations to test the effect of thermal ablation on the tumorspecific T-cell response. This approach allowed the analysis of the T-cell response directed to the whole tumor-derived soluble antigen extract. To test if the tumor tissue could maintain its antigenic potential even after necrosis induced by thermal ablation, hepatocellular carcinoma protein lysates were obtained also at the end of treatment and were shown to successfully induce a tumorspecific T-cell response. T-cell responses were lower in terms of number of spots if compared with the ones generated with tumor tissue derived before ablation and responses were concordant in 7 of 10 responsive patients ( Table 2 ). These inconsistencies could be explained by the use of tissue recovered at the end of treatment from the tip of the arrays of the needle that could have undergone a carbonizing effect, thus reducing its antigenic potential.
On one side, we found that RFA could induce/increase the recognition not only of autologous nonthermally ablated lysate but also of autologous thermally ablated tumor lysate. On the other side, in spite of cross-recognition between ablated and nonablated tissue, we found lack of response or a weak enhancement of response to autologous nontumor liver tissue. These data indicate that antigens released after RFA can be found and recognized also within untreated lesions of hepatocellular carcinoma and suggest that recognition may be limited to antigens present in the tumor but absent in the liver tissue.
The effect of thermal ablation on the enhancement of the tumorspecific T-cell response was confirmed by the results obtained with protein lysates of tumor cell lines. T-cell responses were only directed to hepatoma cell lines and not to the eritroleukemia (K562) and melanoma (Mel MZ2) cell lines (Table 3) , suggesting a cross-reactive response with the autologous hepatocellular carcinoma tumor lysate, although an alloreactive T-cell response cannot completely be ruled out. Interestingly, PLC/PRF/5 was the most immunogenic cell line being recognized by 16 of the 20 patients after RFA. This new observation deserves future studies aimed at the identification of the immunogenic antigens expressed by this cell line. This cell line is known to secrete HBsAg, but no significant correlation between infection or previous exposure to HBV and PLC/PRF/5 T-cell reactivity was observed in our patient cohort.
As expected, the CD4 T-cell subset was shown to be the principal responsible for the antitumor response. However, phenotypic analysis of the whole lymphomononuclear cell population showed a concomitant loss of CD28 and acquisition of CD56 differentiation antigens by T cells along with an increase in frequency of NK lymphocytes, suggesting also a consistent activation of the cytotoxic arm (Table 4) . On the whole, these data obtained a month after RFA, when transitory effects of the acute phase response are no longer detectable, indicate that various elements of the immune system with effector function are boosted by RFA.
The significant expansion of memory T-cell responses directed to recall antigens indicates that thermal ablation of liver tumors can not only induce a tumor-specific T-cell response but can also be responsible of a profound ''adjuvant'' effect. This could be explained by release of inflammatory mediators able to activate dendritic cells and T cells with different specificity. Anyhow, this effect of thermal ablation that was not reported in previous studies in animal models (7, 8) deserves to be studied in depth for its possible exploitation for an immunotherapeutic protocol. Figure 3 . Hepatocellular carcinoma recurring after radiofrequency ablation is not recognized by T cells derived at the time of treatment. In patient 5, a new hepatocellular carcinoma lesion recurred 6 months after RFA. In contrast to the high immunogenicity of the protein lysate derived from the first hepatocellular carcinoma lesion, the protein lysate of the recurring hepatocellular carcinoma was not recognized by the PBMCs derived the day before RFA (time 0) and 1 month after RFA. This antigenic preparation could elicit a weak T-cell response 3 and 6 months after treatment.
, I protein lysate; , II protein lysate.
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